A large number of strains (1,783) belonging to 15 Salmonella serovars isolated, in Canada, from the three major links of the human food chain were screened for multiple antibiotic resistance and the presence of R-plasmids. Multiresistant strains occurred among animal feed, livestock, and human isolates at frequencies of 4, 22, and 14%, respectively. Conjugation analysis revealed that 58% of the isolates from feeds, 87% of those from livestock, and 89% of the human strains carried all or part of their resistance determinants extrachromosomally on Rplasmids. Conjugative plasmids representing nine different incompatibility groups were detected, with the Inc Ia group being predominant. Within the limits of the parameters measured, certain of these plasmids show a degree of relatedness suggestive of a common ancestry.
A large number of strains (1, 783) belonging to 15 Salmonella serovars isolated, in Canada, from the three major links of the human food chain were screened for multiple antibiotic resistance and the presence of R-plasmids. Multiresistant strains occurred among animal feed, livestock, and human isolates at frequencies of 4, 22 , and 14%, respectively. Conjugation analysis revealed that 58% of the isolates from feeds, 87% of those from livestock, and 89% of the human strains carried all or part of their resistance determinants extrachromosomally on Rplasmids. Conjugative plasmids representing nine different incompatibility groups were detected, with the Inc Ia group being predominant. Within the limits of the parameters measured, certain of these plasmids show a degree of relatedness suggestive of a common ancestry.
Salmonella species appear to be particularly adept at producing large-scale outbreaks of multiple-antibiotic-resistant organisms (9, 17, 22) . It is generally agreed that the food chain is the major source of Salmonella infection for humans (13, 15) . However, it is still an open question as to whether the same is true of the acquisition of antibiotic resistance (12, 21) . Since the genetic determinants of these resistances are frequently associated with plasmid deoxyribonucleic acid species, this could conceivably be the case should such transient inhabitants of the intestinal tract as Salmonella succeed in the conjugal transfer of their plasmids to other more permanent residents (4, 20) . Anderson et al. (2) and Davies and Stewart (10) have provided limited evidence for the existence of common pools of resistance (R-) plasmids in humans, cattle, and domestic pets.
In Canada, a 1977 survey revealed that 17% of the Salmonella from human sources were resistant to two or more antibiotics (11) . Subsequent to this, we began to monitor the occurrence of antibiotic-resistant strains among the Salmonella serovars (= serotypes) commonly associated with the human food chain in this country. A portion of the resistant strains detected were then tested for the carriage of Rplasmids to gain an estimate of their incidence in this system. Finally, the incompatibility interactions were determined for representative numbers of plasmids from each of the three major links in the food chain so as to establish their relatedness to one another. It was hoped that the information so generated might provide insight into the possible common ancestry or, at least, the mobility within the food chain of such resistance factors. This report describes the results of these studies.
(A portion of these data were presented at the Fourth Annual Dalhousie University Symposium on the Scientific Basis of Medicine in May 1979.) MATERIALS AND METHODS Bacterial strains, plasmids, and phage. The Salnonella studied were collected from nine Canadian provinces (none from Prince Edward Island) during the period August 1977 to March 1978. Serotyping was completed by the National Enteric Reference Centre, Ottawa. The sources and numbers of isolates from the feed and feed additive group were: meat meal (45), meat and bone meal (18) , poultry meal (12), fish meal (17), shrimp meal (1), hog and chick supplements (10), feed manure (10) , and "feeds" (10) . The animal (livestock) group was composed of strains from poultry (119), bovine (78), porcine (65), shellfish (3), ovine (2), rabbit (1), deer (1), and equine (1) (6) . Only data from matings where greater than 90% of the cells in the recipient population carried plasmid deoxyribonucleic acid were used.
Since both test and recipient strains in these matings carried R-plasmids, resistance marker assortment patterns were employed as an indicator of plasmid incompatibility. Transconjugants from the three matings displaying the largest entry-exclusion indexes were examined. The presence of the resident (recipient) plasmid was confirmed by replication to antibiotic agar. Then, four transconjugants bearing both donor and recipient plasmids (markers) were picked from corresponding antibiotic-free plates, suspended in 0.3 ml of saline, and spread on fresh antibiotic-free agar. After overnight growth, 48 Resistance to one or more of the test antibiotics was detected in 425 of the 1,783 Salmonella screened (24%). Broken down by source, 11% of the feed isolates, 34% of the animal isolates, and 23% of those of human origin were antibiotic resistant ( Table 2 ). Among the various feed sources, antibiotic-resistant strains were recovered only from meat meal, fish meal, hog supplement, and feed manure. Resistant isolates were detected in all animal sources screened. However, only the poultry, bovine, and porcine sample sizes were large enough for the incidence rates (30, 40, and 24%, respectively) to bear significance. In these days of "alternate" food sources, it is interesting to note that the single isolate attributed to horsemeat was insensitive to three different commonly used antibiotics.
The distribution across the food chain of a number of the resistance combinations detected is indicated in Table 3 . Chloramphenicol (C), cephalothin (Cf), and nitrofurantoin (Nf) resistances were not noted among the feed isolates.
Trimethoprim resistance (Tp) was detected only in strains of human origin. The ampicillin-streptomycin (AS), tetracycline-streptomycin (TS), and tetracycline-sulfadiazine (TSu) couplets occurred in all three links of the food chain. Common to all three sources, too, was the kanamycin-neomycin-streptomycin (KNS) constellation. Combinations of greater than three resistances were not observed in feed strains. The foursome CSuTS was most common in animal sources, whereas in humans it was replaced by ASSuT. The KNSSuT group was predominant in both sources. Examination of the remaining constellations suggests that the greater the multiplicity of a particular isolate, the more re- 16 isolates. In consideration of the possibility that translocation of the resistance determinant (e.g., from chromosome to resistance transfer factor) rather than true plasmid mobilization could occur, the linkage of resistance transfer factor and test markers was assessed. Upon replication of the transconjugants to media containing an antibiotic different from that used in the primary selection, all but 5 of the crosses showed the independent inheritance of resistance markers. Thus, totals of 58, 87, and 89%, respectively, of the resistant isolates tested carried their resistance markers on R-plasmids. Mobilization occurred at rates of 10-3 to 10-5 (per final recipient) and was mediated by resistance transfer factors from the I, F, P, H, N, and C incompatibility groups. In view of the lower incidence of antibioticresistant strains in feed isolates (Table 2) , sensitive strains from the same source were tested for their ability to mobilize two different nonconjugative plasmids from S. typhimurium. None of the 30 isolates screened carried a resistance transfer factor.
The transfer units, and hence R-plasmid types, established by these conjugation studies are summarized in Table 3. 'Determined in 18-h matings with E. coli CSH56 as described in the text. Notation: X/Y, group X transferred independently of Y at frequencies of 10-2 to 10-' per minority parent; (Z), transfer of group Z detected only upon direct selection and always as a unit with those preceding it; frequencies 10-5 to 10-7.
-, Not detected. d NT, Not tested.
TSSu, CSSu, and KNSSuC resistance factors, were unique to one or the other of these two sources.
Incompatibility interactions of R-plasmids. Seventy-three of the conjugative R-plasmids were classified by their incompatibility interactions using a set of plasmids representative of 12 different incompatibility (Inc) groups (Table 1). The plasmid under test was transferred into a CSH56 derivative containing one such standard plasmid. Then, the percentage of colonies bearing one, both, or none of the plasmidon October 16, 2017 by guest http://aem.asm.org/ Downloaded from specific resistance markers after prolonged growth of the transconjugant in antibiotic-free media was determined. Incompatible plasmids are unable to stably coexist in the same cell and will segregate from one another in the absence of pressure selective for their retention. Compatible plasmids do stably coexist.
Nine incompatibility types were identified among the food chain plasmids (Table 5 ). These were Inc Ia, I-y, N, H1, H2, FII, FIV, C, and P. Group Ia, N, and H2 plasmids occurred throughout the food chain. The Inc Ia group was represented most often, seconded by Inc FII in animals and Inc H2 in humans. With certain isolates, these classifications were confirmed by the use of the plasmid-specific bacteriophage Ike (Inc N), If1 (Inc I), and M13 (Inc F). All H-group plasmids displayed thermosensitive conjugal transfer (24) . Table 6 relates incompatibility groupings to transfer units for a selected number of R-plasmids. Streptomycin resistance in combination with ampicillin (AS) or tetracycline (TS) or kanamycin (KNS) is relatively constant in its incompatibility group associations. Most AS plasmids (3/4) belonged to the Inc N group, whereas all conjugative TS and KNS plasmids tested were from the Inc Ia group. The combination CSuT was always carried by Inc H plasmids. In contrast, the A, S, and ASSu plasmids were variable in this aspect, with A-types occurring in the Ia, FII, and N groups, S in the Inc Ia, Iy, and N groups, and ASSu in the Inc Ia, P, and N groups. The KNSC plasmid from KNSCT strains showed I-type behavior, but its incompatibility subgroup could not be unequivocally established.
More interestingly, Table 6 shows that plasmids determining the same resistances and belonging to the same incompatibility group occur across the food chain. Thus, S (Inc Ia), AS (Inc N), TS (Inc Ia), and KNS (Inc Ia) plasmids were detected in isolates from feed and animal as well as human sources. And plasmids A (Inc FII), SSu (Inc Ia), TSu (Inc C), ASSu (Inc N), in addition to CSuT (Inc H), were carried by both animal and human Salmonella. This, coupled with the apparent constancy in incompatibility group membership, is suggestive of a degree of homogeneity among food chain R-plasmids.
DISCUSSION
Multiresistant strains were detected in significant numbers among the Salmonella isolated from each of the three major links of the human food chain.
Duck et al. (11) conducted a similar survey of Canadian material collected 2 years earlier. Whereas 4% of the feed isolates examined here (Table 2 ) were resistant to two or more antibiotics, these authors detected only single resistances among their feed strains. Further, our data indicated a slight decrease (from 17 to 14%) in the number of multiply resistant human isolates between the two studies.
As the conjugation studies have revealed, 58, 87, and 89% of the resistant strains from the animal feed, animal, and human sources, respectively, carry some or all of their resistance genes extrachromosomally on transmissible plasmids. isolates and between 60 and 86% for animal (farm and domestic) strains and varied according to region and serovar (7, 19, 23) . None of these studies screened isolates from farm animal feeds.
The conjugative R-plasmids most commonly exhibited Ia-type incompatibility (22/73, Table  5 ). Whereas the Inc Ia group accounted for 66 and 40% of the plasmids from feed and animal isolates, respectively, their incidence was reduced to 25% in human Salmonella. Concomitant with this was an increase in the number of Inc H2 and Inc N group plasmids. Thus, the human pool sampled in this study appears to carry no one predominant incompatibility type.
Anderson (1) throughout the food chain suggests the existence of a system of exchange between each link. Because the food chain is partially cyclic in that, for example, partially consumed or spoiled human foods are fed to livestock whose manure is, in turn, used as fertilizer or whose carcasses are pulverized and used as filler in animal feeds, it is difficult to determine the direction of flow of such R-plasmids. The low incidence of resistant organisms and transmissible R-factors among Salmonella from feed sources does, however, suggest that their overall contribution may be relatively minor. Rather, the detection of 10 separate plasmid types that are common to both livestock and human sources indicates that interaction between these two links is of primary importance in this regard. Others (14, 21) have reached similar conclusions in studies of antibiotic-resistant E. coli. To achieve this indication of the "commonness" of the R-plasmid reservoirs in each source, we measured one phenotypic (resistance pattern) and two genotypic (transfer units, incompatibility) parameters. The first two were employed as rough measurements. Their utility in this respect is limited due to the location of numerous resistance determinants on transposable deoxyribonucleic acid sequences (8) which are capable of relocating from one replicating unit to another at significant frequencies. Thus, apparently similar resistance patterns and transfer units may arise from divergent origins as a result of any number of transposition events. Incompatibility interactions, however, because of their intimate involvement with essential replication phenomena (16, 25) , are a more accurate measurement of plasmid relatedness, particularly with regard to a common origin and/or ancestry (2) . To complement these genetic studies, restriction endonuclease maps are currently being prepared for selected numbers of the plasmids described here.
